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INTRODUCTION 18
Plants produce a variety of secondary metabolites including polyphenols in their tissues to protect 20 them for example against pathogens and insect herbivores. The most complicated polyphenol 21 structures are tannins which by definition have the ability to bind and precipitate proteins. Tannins  22 can be divided into condensed tannins, hydrolysable tannins (gallotannins and ellagitannins) in 23 addition to phlorotannins, which are found only in algae. For decades, ellagitannins were an 24 underestimated class of bioactive plant tannins.
1 However, ellagitannins are one of the most 25 promising tannin classes with potent biological activities, including antimicrobial and antioxidant 26
activities.
1,2 More than 1000 individual ellagitannins have been identified from plants and natural 27 ellagitannins larger than pentamers were recently reported.
3-5

28
Dietary tannins can affect animal nutrition and health in several ways, for example 29 through enabling a better utilization of feed proteins, generating anthelmintic effects against 30 gastrointestinal nematodes and by lowering nitrogenous and methane emissions.
6-16 Tannins may 31 bind dietary proteins and thus reduce the degradation of these proteins in the rumen and may also 32 enhance the amount of protein available for digestion in the small intestine. Tannins can form 33 soluble and/or insoluble complexes with proteins and the tannin-protein interactions are both 34 tannin-and protein specific.
17 Bovine serum albumin (BSA) is a well-characterized model protein 35
and it has been widely used for the investigations of tannin-protein interactions.
18 Previous results 36 have shown that tannins have higher affinities to loosely structured globular proteins, such as BSA, 37 than to compact globular structures.
19
The extraction and isolation of ellagitannins followed mainly the previously outlined 92
methods.
3,4 However, some modifications were made in order to enhance and speed up the large-93 scale extractions and fractionations. The acetone extracts of fireweed inflorescences were combined 94 and concentrated to 300-500 mL of water phase. The concentrated water phases were fractionated 95 twice with Sephadex LH-20 chromatography. First, a rough fractionation was performed in a 96 beaker, and then careful fractionation was performed for a selected fraction by Sephadex LH-20 97 column chromatography as previously described. The flow rate was 8 mL min -1 and the sparge rate for the helium flow 100 mL min . The 112 injection volume was 5 mL. The photodiode array detector was operating between 190−500 nm, 113 and ellagitannins were detected at 280 nm. 114
All steps in the extraction, isolation and preparative and semipreparative purifications 115 were followed by UPLC-DAD-MS (Acquity UPLC®, Waters Corporation, Milford, USA 116 syringe filter (4 mm, 0.2 µm PTFE, Thermo Fisher Scientific Inc., Waltham, USA) prior to the 118 analysis. The Acquity UPLC® BEH Phenyl column (2.1 × 100 mm, 1.7 µm, Waters Corporation, 119
Wexford, Ireland) was used with two eluents: 0.1% formic acid (A) and acetonitrile (B). The 120 injection of buffer, and therefore, were not considered in the data analysis. 18, 23, 24 The control data of 143 ellagitannin titrated into buffer was always subtracted from the sample data as it was known that 144 ellagitannins tend to self-associate into aggregates due to hydrophobic groups; and therefore, when 145 injected from the syringe into buffer, they undergo an endothermic process of deaggregation. The 146 extent of deaggregation depends inversely on the concentration of ellagitannin already present in 147 the sample cell: therefore, successive injections of ellagitannins into buffer lead to observation of 148 progressively lower endothermic enthalpy changes as has been illustrated in earlier work. 
173
Two different binding models were used to fit the data, one assuming a single set of 174 multiple binding sites (a single-site model) and a second model assuming two independent sets of 175 multiple binding sites (a two-site model), as previously discussed in detail by Deaville et al. 25 In 176 for many of the ellagitannins studied, both models provided an acceptable fit, but the two-site 179 model clearly exhibited a closer fit for the data. This was seen particularly at higher 180 ellagitannin:BSA molar ratios where a longer tail in the data was seen as the tannin:BSA interaction 181 was saturated. Therefore, the fit parameters for both binding models are shown in Tables 1 and 2 for 182 all ellagitannins studied. The second site showed very weak interaction with small binding 183 constants varying from 17 to 1.8 × 10 3 M -1 (Table 2) for all the ellagitannin:BSA interactions 184 studied. This weaker interaction might indicate a non-specific surface adsorption mechanism 185 following the more selective stronger binding of the ellagitannin, as indeed we had observed in 186 previous tannin:protein binding studies. [22] [23] [24] This was the first study where a purified oligomeric 187 series was investigated to look at the effect of oligomerization on ellagitannin:protein binding 188 behavior. In previous studies with hydrolysable tannins, a two-binding site model had been used. In 189 those examples, the binding constants had shown to be higher than values seen here, and the two-190 site model had been more pronounced. Interestingly, those measurements had been carried out 191 using lower tannin concentrations (3 mg mL -1 , for example approximately 2 mM for oenothein B) 192 and over a longer timescale using more injections and a higher level of protein dilution than the 193 current experiments. From our experience it was clear that we could not directly compare data from 194 previous studies, which has used different experimental conditions that could impact on the 195 interaction, due to complicating factors such as the degree of self-association of tannin molecules. 196
The two-site model indicated two independent types of binding on the protein surface. 197
The second binding site highlighted the presence of a weaker interaction in addition to a more 198 selective stronger first binding site. As seen in Table 2 , the weakness of the second binding site 199 meant that it was difficult to confidently identify trends across the oligomeric series for this 200 interaction. Therefore, we have focused on the single-binding site model for our discussion of the 201 ellagitannin:BSA interaction across the oligomeric series since this interaction was likely to relate 202 to a specific molecular interaction between the tannin and protein. compared with all the other ellagitannins studied in this series (Fig. 1B) . A previous study had 218
shown that the binding constant for the interaction with BSA was dependent on the structural 219 flexibility of the tannin molecule; and a loss of conformational freedom in the ellagitannin structure 220 impacted on its ability to bind to BSA. 25 The thermodynamic parameters for oenothein B (Table 1  221 and 2) were different to Dobreva et al.
24 although the overall conclusion linking BSA binding to 222 tannin flexibility was the same. As mentioned previously, differences in the experimental 223 procedures were likely to explain the quantitative difference in the binding interaction.
24 Our 224 findings suggested that the interaction between ellagitannin and protein might be dependent on the 225 ellagitannin concentration. 226
The trimeric oligomer, oenothein A, showed stronger binding to BSA than the dimer. 227
The binding constant was 7.5 × 10 3 M -1 and the enthalpy change was -45 kJ mol -1
. The trimer was 228 more flexible than the dimer as the additional monomeric unit was attached only via one bond (Fig.  229   1C) . The presence of this conformationally free chain (flexible tail) allowed for a stronger 230 interaction in terms of K a of the trimer versus the dimer and this was also seen for the larger 231 oligomers in terms of ∆H obs (Fig. 4) . These observations could be linked to the three-dimensional 232 structures of the oligomer series, where larger oligomers had a longer flexible chain attached to the 233 macrocycle. 234
Larger Oligomeric Ellagitannins. The interactions of ellagitannin oligomers from 235
trimers to octamer-undecamers with BSA revealed strong similarities. The stoichiometric number, 236
i.e. tannin to protein ratio, varied from just 9 to 12 (Table 1 ) and the equilibrium binding constant 237 was 10 3 -10 4 M -1 for all ellagitannin-BSA interactions. The observed change in enthalpy was 238 exothermic and increased with the oligomeric size up to the heptamer. Exothermic interactions were 239 associated with hydrogen bonding or Van der Waals interactions. As the oligomeric size increased 240 the number of footholds, the points of interaction with the protein surface, increased. 241 oenothein B (Fig. 1B) formed by the dimerization of two tellimagrandin I monomers via two m-243 DOG-type linkages. The m-DOG-type linkages are frequently found in ellagitannin oligomers: in 244 these linking units, the O-donating hydroxyl group is part of an hexahydroxydiphenoyl group and 245 the galloyl group is the acceptor.
2 In trimeric and larger ellagitannin oligomers, the additional 246 monomeric units were attached by one m-DOG-type linkage forming an elongated chain or tail to 247 this macrocyclic part (Fig. 1) . It was likely that first the macrocyclic part of the ellagitannin bound 248 to the protein (to the defined binding sites on the protein surface resulting in little difference in the 249 value of n for each tannin) and then the "flexible tail" of the ellagitannin coated the protein surface. 250
Therefore, a trend in terms of binding affinity could be observed for this oligomeric ET series. This 251 observation differed from the previous studies of polyphenol binding to proteins where an increase 252 in the binding affinity with molecular size had been observed, but where there were also differences 253 in terms of flexibility, molecular structures and in some cases, the purity of the tannins that 254 influenced the interaction.
38
255
ITC Analysis Based on Monomeric Concentrations.
In an effort to remove the 256 effect of oligomerization and molecular weight, the data were also fitted by assuming a monomeric 257 concentration for the ellagitannins as shown in Table 3 using a single-site binding model. The 258 oligomers consisted of similar monomeric units, which enabled the direct comparison of the 259 different oligomers based on the number of monomer units. By doing this, the trend seen in Table 1  260 for ∆H obs was largely removed. Focusing on the dimer and larger oligomers the variation seen for 261 ∆H was small at -13.9 ± 2.6 kJ per mole of monomer. However, the number of binding sites on the 262 ellagitannin increased with the oligomer size, since the binding of the flexible chain was now 263 considered as individual molecules. We saw that the K a was smaller per monomer compared with 264 our molecular calculations, since the interaction was now split across multiple molecules. 265 different binding events; first the binding of the rigid ring of the dimer was followed by the binding 267 of the flexible units of the tail. It was for this reason why in previous studies two-site binding 268 models had been needed and why we fitted our current data also using the two-site binding model 269 (Table 2) . However, often the second binding site was a lot weaker and less specific than the first 270 one. As mentioned previously, the fits obtained using a two-site model were good fits, and 271 marginally better than the single-site model for the larger ellagitannins. In particular, oligomers 272 from tetramer to heptamer all showed good two-site binding fits to the data with nine distinct strong Previous studies had shown that the interaction of tannins with proteins could be a 276 surface phenomenon where tannins coated the surface of the protein.
18,25,39 Our data supported this 277 observation in two ways. Firstly, the flexible elongated chain in oligomeric ellagitannins appeared 278 to coat the protein surface. Secondly, when the data were fitted using monomeric concentrations, 279 the tannin:protein binding stoichiometries increased x-fold, where x was the number for the degree 280 of oligomerization, and the ∆H and K a values converged. We observed that there were 281 approximately nine specific binding sites on the surface of the protein, but that further interactions, 282 akin to non-specific surface adsorption, occurred allowing the flexible chain of the tannin oligomers 283 to subsequently bind to the surface. 284
In conclusion, this unique series of oligomeric ellagitannins allowed us to study the 285 effect of molecular size on the interaction between ellagitannins and BSA. The novel results 286
showed that the interactions of ellagitannin oligomers from trimers to octamer-undecamers with 287 BSA revealed strong similarities. The monomeric and dimeric ellagitannins deviated from the 288 overall trends seen. Our studies highlighted the importance of molecular flexibility to maximize 289 binding between the tannin and protein surface. This systematic investigation of ellagitannins used 290 an oligomeric series and was able to decouple for the first time structural features, such as 291 functional groups present and purity, from molecular weight. 292
293
ABBREVIATIONS USED 294
BSA, bovine serum albumin; HPLC-DAD, high-performance liquid chromatography diode array 295 detection; ITC, isothermal titration calorimetry; UPLC-DAD-MS, ultra-performance liquid 296 chromatography diode array detection mass spectrometry 297
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